To examine the role of metalloproteinases in tissue remodeling associated with wound healing, we used in situ hybridization to localize the expression of collagenase and tissue inhibitor of metalloproteinases (TIMP) 90:1952-1957.)
Introduction
The family of matrix metalloproteinases has been implicated in the remodeling of extracellular matrix associated with wound healing, inflammation, and angiogenesis (1, 2) . Together, these enzymes have the capacity to degrade most matrix components, and one member of this family, interstitial collagenase, has the unique property of being able to cleave the triple helix of native collagen types I, II, III, VII, and X (3, 4) . Collagenase is produced in vitro by a variety of cell types including fibroblasts, endothelial cells, keratinocytes, macrophages, and chondrocytes (5), but, with notable exceptions (see below), the in vivo expression ofcollagenase and its association with pathological conditions is poorly understood. The activity ofcollagenase is regulated, in part, by tissue inhibitor of 14) , disparate regulation has been observed for glucocorticoids ( 15) , retinoic acid ( 15) , transforming growth factor ,B ( 13) , and interferon-y ( 16) , suggesting that the two proteins are not always produced concomitantly.
Pyogenic granulomas are common, benign vascular growths characterized by a proliferation of endothelial cells and neovascularization ( 17) . They occur mostly on the extremities and face and often have superficial ulceration. Although minor trauma and infections have been implicated in their etiology, the causative factor leading to the development of pyogenic granuloma is unknown. Occasionally, after surgical removal or trauma, local satellites appear around the primary lesion, but these often regress spontaneously ( 18 ) .
In many respects, particularly the ulcerative and angiogenic characteristics, pyogenic granuloma is a model of wound healing. Since the production of collagenase and TIMP are increased in human dermis after wounding by suction blister formation ( 19), we examined 16 samples of pyogenic granuloma for expression of mRNAs coding for these proteins. Using in situ hybridization with 35S-labeled RNA probes, we report that interstitial collagenase expression is induced in basal keratinocytes near the advancing edges ofthe ulcer while TIMP mRNA was detected in fibroblast-like cells within the center of lesion surrounding newly formed blood vessels. Thus, interstitial collagenase and TIMP are expressed in pyogenic granuloma by different cells and at different sites within the lesion. This strongly suggests that in skin diseases characterized by ulceration, keratinocytes may play a significant and even predominant role in collagen remodeling.
Methods
Tissues. 16 formalin-fixed, paraffin-embedded histological specimens of pyogenic granuloma were obtained from the Department of Pathology, Washington University School of Medicine, St. Louis, MO. In addition, five samples of normal skin from different parts of the body were examined.
Tissue preparation and in situ hybridization. In situ hybridization was done essentially as described (20) (20) . Blank sections without added radioactivity were processed to estimate autoradiographic background signal. The specificity of the collagenase and TIMP probes for the appropriate sized mRNA has been shown (23) . In addition, by Southern analysis, 32P-labeled collagenase antisense RNA probe hybridized specifically to denatured, full-length collagenase cDNA and not to fulllength stromelysin-l cDNA (data not shown).
Results
16 lesions from different parts of the body were studied, and histopathological assessment had determined all samples to be pyogenic granuloma. These samples represent all cases presented at Washington University School of Medicine over a four year period. Of the 16 samples studied, 10 had inflammatory infiltration and ulceration (Table I) . Of these, six were advanced lesions and four were less advanced as judged by the extent of stromal cellularity and neovascularization. Six samples were studied which presented with no ulceration nor prominent inflammation. Fig. 2 A) . Thus, collagenase mRNA was only seen in areas near the site of ulceration and principally in basal keratinocytes.
The pattern of TIMP expression was completely distinct and removed from the localization of collagenase mRNA (compare Fig. 2 , A and C, with B and D). In all ulcerative lesions, no TIMP mRNA was detected in the epidermis. Rather, TIMP mRNA was consistently seen in two types of fibroblast-like cells in the center of the lesions within the areas of angiogenesis (Fig. 2, B and D) . Some TIMP-positive cells were spindle form, and the others had large, oval nuclei, fine chromatin pattern, and ample amphophilic cytoplasm. In contrast to the relatively confined expression of collagenase, the signal for TIMP mRNA was diffuse and was seen in numerous cells within areas ofneovascularization and inflammation. Typically, TIMP mRNA was concentrated near the newly formed vessels, and in several instances, strong hybridization signal clearly surrounded and outlined proliferating blood vessels (Fig. 2, E-H ). Inflammatory cells, such as granulocytes and lymphocytes, were consistently negative for TIMP expression (Fig. 2, E and F) .
Although both collagenase and TIMP mRNAs were de- tected in all samples with prominent inflammation and ulceration, only signal for TIMP mRNA was seen in samples without ulceration. Distinct from the prominent and localized expression in ulcerative specimens, no collagenase mRNA was detected in any sample without inflammation and ulceration (Fig. 2 I) . TIMP mRNA, however, was seen in fibroblast-like stromal cells in 3/6 nonulcerative lesions (Fig. 2 J) . Expres- (9, 24) , no inter-stitial collagenase or TIMP mRNA was detected in the epidermis of normal skin. In some samples, a small population of scattered fibroblast-like cells in the reticular dermis were positive for collagenase and TIMP mRNA (data not shown). TIMP expression was also seen in some hair follicles and sebaceous glands as reported by others (25) .
The specificity of hybridization was demonstrated by the lack of any signal in sections probed with a 35S-labeled sense RNA (Fig. 1, E, J, and 0) . Only background autoradiographic signal was seen in sections hybridized with this probe. For this control, we used a sense RNA, T77-SP6, transcribed from a bovine tropoelastin cDNA, and the validity of this probe as a negative control has been confirmed by Northern and in situ hybridization assays (20) . The tropoelastin cDNA encodes an RNA that is -70% G/C (26) and, thus, under identical conditions, would have a greater propensity for nonspecific hybridization than the collagenase and TIMP probes, which are -43 and 58% G/C, respectively. Hence, the lack of signal on the negative control sections confirms the specificity of the signal detected with the collagenase and TIMP probes. Furthermore, sections processed for autoradiography without added probe. had only background signal (not shown).
Discussion
Our results demonstrate that interstitial collagenase is expressed by basal keratinocytes near the advancing edge of ulcerative lesions in pyogenic granuloma (Table 1) . Strong hybridization signal for collagenase mRNA was observed in every sample containing invaginating, disrupted epidermis adjacent to an ulceration. The specificity of this inductive response was demonstrated by the lack of hybridization signal for collagenase mRNA in cells of intact or normal epidermis. Interestingly, plasminogen activator mRNA and protein have been found in this same region in mouse wounds (27) . Plasminogen is also released by damaged tissue, and its active form, plasmin, has been implicated in the in vivo activation ofinterstitial collagenase (28) . Thus, cells near the site ofa resorbing wound may express proteins necessary to degrade and remodel the adjacent stroma. Although collagenase mRNA was also detected in occasional fibroblast-like cells of the dermis near to the ulceration, this expression was appreciably weaker than the hybridization signal for collagenase mRNA in the basal epidermal cells. Thus, in this in vivo situation ofwound healing, the basal keratinocyte seems to be the primary source ofcollagenase production and not dermal fibroblasts. Our results suggest that tissue remodeling is a significant function of keratinocytes in wound healing. The function of collagenase may be associated with repair and proliferation ofthe epithelium and with remodeling of dermal collagen. Since collagenase mRNA was not seen in nonulcerative pyogenic granulomas, the enzyme probably does not have a significant role related to angiogenesis or remodeling within the body of the lesion.
The signals that activate collagenase in keratinocytes and fibroblasts in response to wounding may be distinct. No interstitial collagenase mRNA was found in the epidermis ofnonulcerative pyogenic granulomas. This suggests that collagenolytic activity may be induced with loss ofepidermal basement membrane integrity thereby exposing keratinocytes to the underlying dermal stroma which may, in turn, influence keratinocyte phenotype (29) . Consistent with this hypothesis, keratinocytes recognize and migrate on a type I collagen substratum, and this interaction results in enhanced collagenase synthesis (30 (12) (13) (14) 37) . In vivo expression of collagenase and TIMP by the same cells has also been substantiated in arthritic synovial cells (7, 8) and hypertrophic scars (9) . Coexpression, however, is apparently not an ubiquitous trait since our observations provide clear in situ evidence that the same cells do not elaborate these proteins in pyogenic granulomas. Alternatively, TIMP production apart from collagenase expression may indicate that the inhibitor is involved in governing the activity of other metalloproteinases.
In summary, our in situ hybridization studies show that collagenase expression is induced in basal keratinocytes adjacent to ulcerative lesions in pyogenic granuloma suggesting that these epithelial cells are involved in tissue remodeling associated with wound healing. Another unique aspect of this work is the demonstration that collagenase is produced in the epidermis and that its expression is spatially distinct from sites of TIMP expression. Our observations also suggest a role of TIMP apart from its function as a metalloproteinase inhibitor.
Our future studies will be directed towards determining the physiologic inducer ofcollagenase production by keratinocytes during wound healing and evaluating whether the keratinocyte plays a predominant role in other types of skin repair.
